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greatly varying number of test cycles for each cell, a meaningful interpre-
tation appears not possible.

3.3.4 Cell Failure Analysis

3.3.4.1 Charge Retention Test

The failed cells were subjected to a charge reten-

E- tion test as follows: The completely discharged cells (0 V) were charged

1 to 10% state of charge followed by open circuit stand. Cell voltage was
monitored as a function of time.

4 A typical voltage-time trace for a series cell is shown in Fig. 1.
Both stacks show discharge due to silver bridging (the rate of self discharge
by reaction of silver oxide with hvdrogen is considerably lower) at slightly
| different rates. The voltage changes after reduction of the silver oxide
are quite rapid. Table 21 summarizes the results of the charge retention
test.

3.3.4.2 Physical Examination

E All failed cells were carefully disassembled and

' analvzed. The findings were as follows: All cells showed silver migration
around the inner and outer edge of the separator membranes indicated by
dark areas on the hvdrogen side absorber lavers, Fig. 22 shows a typical

] example. Silver deposits can be seen on hvdrogen electrodes. Generally,

qi silver migration was heavier at the lower plates of the cell stack and near
‘ the tab connection. Localized burned areas were detected apparently caused
' by heating via silver dendrites. 1In cell 9 we detected burned Pellon 2505
areas at the top H) electrode which appear like oxvgen-hvdrogen burns.
Heavy silver deposits were distributed throughout the silver side absorber
layers. This appeared somewhat less severe in the stacks with high elec-
trolyte content. Silver penectrated also through the membranes although not
rapidly enough to cause failure in our cells. The NASA separators were
quite dark on the hydrogen electrode side indicating silver passage. The
hydrogen electrode absorber layer behind Visking was stronply vellow. Sil-
ver penetration through Permion 2291 appears more spotty possibly indicating
inhomogeneities in the membranes. No Ag penetration was observed with
Permion 2193 a multilaver laminate. Most cells appeared quite dry upon
disasscembly.

3.3.5 Dbiscussion

A summary of the number of accelerated test cyeles to tailure
is shown in Table 22. FEach cvele included two deep discharges. Ton addition,
the cells were subjected to several pretest cycles. Time to failure varied
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TABLE 21

CHARGE RETENTION OF FAILED CELLS. CHARGE INPUT 0.52 Ahr
FOR THIN AND 1.4 Ahr FOR THICK PLATE CELLS (DATA RECORD

NO. 47)
Time to
Failure
Cell No. Station No. (hrs)

9 00 9,25, 10,5 Both stacks failed.
11 01 8, > 24 One stack failed.

1 02 4

3 03

5 04 3.5

7 05 - Not tested.

13 06 355 24 one stack failed.
15 07 > 245 » 24 Neither stack failed.
- 08 e Not tested.

10 09 6.5

4 0A 7
12 0B 24

2 ocC Not tested.

14 oD 24

8 OE - Not tested.

16 OF 24

63




Figure 22. Hydrogen electrode absorber layer and membrane
of a cycled Ag/Hp cell (Cell No. 5). Dark areas
on the absorber layer show silver migration
around the membrane edge.
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TABLE 22

NUMBER OF ACCELERATED TEST CYCLES TO FAILURE FOR Ag/H2 CELLS

Cell No. First Failure Second Failure Total
1 25 25
3 21 7 28
5 3 3
3 5-1I 7 7
C 14 i
o 9 1 1 2
e 11* 14 1 15
B 13 1 1 2
B 15% 29 29
18* - o
2 37 37
4 - =
o A=II 8 8
x 6 - )
S 6-IT 1 1
N 23 28 S
S 10 27 27
E 12 34 34
14 23 4 27
16 23 19 42

*Series configuration.




widely from 1 to 51 - 10.6 hr cycles. Sometimes a failed cell will continue
for a substantial number of cycles after a C/2 rate charge-discharge cycle
(e.g., cells 3, 7, 8, 16). The general mode of failure was via "soft shorts"
caused by silver bridging around the membrane edges. Thus the results are
not suitable to evaluate the various parameters of the test matrix. A

main effort was to be directed towards finding of an effective solution of
the silver bridging problem.

4. Boiler Plate Cells of Rolled Configuration

4.1 Hardware and Cell Construction

Silver migration around the inner and outer edge areas has been
identified as the main problem. To eliminate this problem we changed the
cell design to a rolled configuration which allows considerably larger
membrane overlapping. The cells contain 7.5 X 25 c¢m silver and hydrogen
electrodes in a single wrap along the inside pressure vessel wall (sece
Fig. 23). The electrode package is retained by a 30 mil open cylinder of
Ni200 and a stainless steel retaining ring (TRUARC). The membranes overlap
1 cm at the top and bottom and 1.5 cm in the gap where the electrodes meet.
The NASA separator almost butts in the gap since it was not possible to bend
it inwards. Thermocouples are located in the gas screen on the hvdrogen
electrode side. Reference electrodes consist of a full size component with
a small active area on the inside of the wall adjacent to the nickel retaining
cylinder. Electrolvte connection is provided via a wick from the hyvdrogen
side.

4.2 Test Matrix

To maximize the information obtainable from the cell tests we
decided against exact duplication of the original test matrix. The modified
matrix is as shown in Table 23. Forty percent KOH is used for Cp. All
other symbols are as described earlier (see Sect. 3.2). The test regime
consisted again of the accelerated AF cycle described in paragraph 3.2.2.

4.3 Results

4.3.1 Pretest Cycling

The 16 cells were vacuum impregnated with 40% KOH and filled
to 100 psig with H2. Cells containing the NASA separator cells were soaked
over night filled with KOH. Table 24 summarizes the test history of the
rolled Ag/H; cells. The formation charge was carried out at a C/00 rate
(0.333A and 0.133A for thick and thin cells respectively). Despite the low
current density some cells exceeded 2.5V and could not be discharged at a
reasonable current density (>C/10) without severe polarization. Since the
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TABLE 23

TEST MATRIX FOR ROLLED Ag/H. CELLS

Set I - Membrane type and plate thickness effect

N,E,C fixed at My, e, C

BEOE

8

L. DT

1

t

it

0 1
17 18
19 20
21 22
23 24

Cells 21, 22, 23 and 24 are instrumented (Ref. Electrode, Thermocouple,

0, Sensor) .

Main Effects:
Interaction:

Mk
MT

Set II - Number of membrane lavers and membrane type effect

T, E, C fixed at tl, e

*Carried out in Set I.

Main Effecis:
Interaction:

M, N
MN

¢ By
"0 9y
25 18%
26 20%
27 24




TABLE 23
(CONTINUED)

Set III - Effects of electrolyte level, plate thickness and membrane type

A: N, M, C fixed at nl, ml, Cl
to tl
e 19% 20%
e 28 29
*Carried out in Set I.
Main Effects: E, T
Interaction: ET
B: T, C, N fixed at to, Cl’ nl
e e
o 17*% 30
)1 %
m, 21 31
m, 23% 32

*Carried out in Set I.

Main Effects: E, M
Interaction: EM

69




TABLE 24

PRETEST HTSTORY OF ROLLED Ag/H, CELLS

Data Record No.

81 to 83 Cell formation (16 cells).
Cells 22, 24, 26 and 31 exceeded 2.5V
on charge.
All cells except 17, 28, 30, 18, 25, 27
polarized below 0.5 V on discharge (1A).

All cells reimpregnated.
Charged cells discharged.

Scecond formation charge.

Cells 20, 22, 26 exceeded 2.5 V on
charge.

Cells 20, 22, 26 and 31 could not be
discharged at /2 rate.

Cells 20, 22, 29 and 31 reimpregnated.
Cell 20 disassembled and rebuilt as 20R.

Charge-discharge cyele (C/2 rate).

Cells 20, 22, 24, 27, 28 exceeded 2.5 V

on charge.

Cells 20, 22, 27 polarized below cut out
limit.

Cells 20 and 22 veimpregnated (4th impreg.)

Charge-discharge cycle (C/2 rate).
All cells including 206R reinscrted.
Cells 20, 22, 26, 27 exceeded 2.5 V.
Cells 20, 22, 26 were cutout by low
voltage limit,




experimental evidence pointed to lack of electrolyte as the cause for the
high cell impedance, all cells were reimpregnated. After reimpregnation,
cells which previously polarized severely, discharged normally. During a
second formation charge the same behavior described above was encountered
again. The problems were more pronounced with the thick electrode cells.
Figures 24 and 25 show typical potential-time behavior during formation
charge. A more detailed comparative evaluation is given in Table 25. 1t
shows that the second impregnation did help moderate the polarization some-
what, however, the basic problem remains, and as we will discuss later, is
of a more fundamental nature.

Two characteristic voltage time curves for the C/2 rate cycles are
shown in Figs. 26 and 27. The voltage trace of Cell 17 is fairly normal.
Cells 21, 23, 31 and 32 show similar behavior. Cell 19 (Fig. 27) shows
the voltage increase on charge and the voltage dip on subsequent discharge.
This behavior was found more or less pronounced in all other cells.

4.3.2 Accelerated Cycle Testing

After the formation and C/2 capacity cycles, the cells were
tested using accelerated AF cycles. The charge and discharge currents were
0.455 A for thin, 1.20 A for thick and 4.55 A for thin 12.0 A for thick
plate cells respectively corresponding to nominal capacities of 5.70 Ah for
thin and 15.0 Ah for thick plate cells. The thick Ag plate cells 20, 22, 26
and 27 were not included in this test. Of the thick Ag plate cells, only
the two cells with the inorganic NASA separator remained in operation bevond
the second cycle. Of the thin plate cells, two with Visking failed during
the 9th and 21st cveles while the ones containing the NASA separator con-
tinued to cycles 48 and 65. Only the thick plate cell (No. 25) completed
over 500 AF cycles corresponding to over 1000 deep discharges without failure.
The test history is summarized in Table 26. Voltage data for Cell No. 25
during cycle 184 and 528 are shown in Figs. 28 and 29. After the last cvele
the cell was left on open circuit to determine its rate of self discharge.
The results are discussed later. Subsequently a /2 rate charge-discharge
cycle was used to determine cell capacity. At 7.5A (nominal C/2 rate) the
cell capacity to .8V was 12.2 Ah.

Upon disassembly of the cell it was noted that the silver side
nylon absorber layer was black and contained a considerable amount of sil-
ver. The NASA separator was very dark at the membrane side and dark grey
on the side facing the Hy electrode. The Hy electrode showed large arcas
of distinct silver deposition and the adjacent nvlon absorber layers were
medium grey indicating the presence of some silver. Overall, the cell
appeared in very good condition considering the test history. 1t contained
no short circuits. The pressure vessel walls showed oxidative attack.

/1
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Figure 26. Cell voltage during a charge-discharge cycle of Cell 17 at
2.5 A.
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TABLE 26

TEST HISTORY OF ROLLED Ag/H2 CELLS. ACCELERATED AF TEST CYCLE

Cycle No. Data Record No.
1 008A Cells 17 to 19, 21, 23 to
25, 28 to 32 started cycling.
2 008B Cells 28, 29 and 31 failed.
6 008F Cell 21 failed (>2.5 V).
9 0092 Cell 32 failed.
21 009E Cell 23 failed.
47 00B7 Cell No. 18 failed on discharge.
48 00B8 Cell No. 17 failed on discharge.
65 00C9 Cell No. 30 failed on discharge.
530 Cell No. 25 was removed from

test without failure.
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Quantitative analysis of the silver side pellon and the NASA separator
showed 0.66g Ag in each component. From the weight of the individual com-
ponents after disassembly we calculated the electrolyte saturation of the
silver electrode and the NASA separator to be about 100% and the pellon
layer on the Hy side was 747 saturated while the Ag side absorber layer was
70% saturated. The electrolyte history was as follows: The cell contained
approximately 37 cc after the 2nd reimpregnation. Drained amounts are 1.0 cc
after formation, 0.2 cc after the 2nd cycle, 1.8 cc after 413 cycles and
2.0 cc after cycle 529. This would result in 32 cc for the stack after
cycling. From weighed components we account for 24 cm3. The difference is
probably due to electrolyte which was visibly clinging to gas screens and
the cell wall and to the inaccuracy in the initial electrolyte value which
resulted from the difference of two large electrolyte volumes.

4.3.3 Failure Analyvsis

All failed cells were subjected to a charge retention test.
This involved complete discharge followed by charging to 8% of its capacity
and open circuit stand. Over the monitoring period (v24 hrs) no change in
open circuit voltage (1.18V) was observed. This indicated that short cir-
cuits, e.g., by silver bridging appeared not to be a problem.

In order to positively identify the cause of the problem encountered in
the rolled configuration several test cells were disassembled and inspected.
Cell 26 was disassembled in the discharged state. No irregularities such as
non-uniform compression or spotty utilization of the silver electrode could
be detected. The absorber lavers were relatively dry but did contain some
electrolyte. The cell was rebuilt in the same configuration with a new
silver electrode. Similar observations were made upon disassembly of Cell 22,
Cell 20 was charged until the voltage started to rise and then disassembled
in the charged state. The silver side reservoir was found to be almost com-
pletely dry. The hydrogen side was flooded. Even the Teflon backing of the
hvdrogen electrode appeared wet. 8.3 cm3d of electrolyvte was drained from
the pressure vessel. Using the component weight after cell disassembly and
without correction for the obvious silver deposit in the silver side absorber
layer one calculates the following electrolyte saturation (assumed component
thickness, 15 mil). Ag side absorber <36%, lst and 2nd H» side absorber
layer >68% each.

Figure 30 shows cell polarization (Cell 31) prior to and after
reimpregnation illustrating also the high internal impedance.

Cell 26 was rebuilt (206R). After impregnation and draining it retained
35.9 c¢m3 of electrolyte. The cell failed on charge by exceeding 2.5V. At
the end of charge 6.7 cm3 of electrolyvte were drained. The cell was disassembled
and the silver side absorber layver was found "dryv'.
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One of our concerns is related to the absorber layer-membrane inter-
face. With a relatively dry non woven nylon, intimate contact which is
necessary for back wicking would exist only where nylon fibers touch the
membrane and thus exist only over a small surface area. We therefore rebuilt
cell 26R in the same configuration but with one layer of 10 mil asbestos on
either side of the barrier membrane (Cell 26RA). Charging was terminated
after reaching 2.5V. Cycling resulted in rapid capacity decrease. Cell 26R
was further modified by replacing the nylon on the Ag side with two 10 mil
asbestos layers (Cell 26RAT). Cycling resulted also in decreasing capacity
but at a much slower rate. Charge was terminated by time or in most cases
by a set voltage limit on charge. Figure 31 shows two typical charge and
discharge curves of the two cells. Both cells were electrolyte-limited and
excess charge input results in a continuing electrolyte starvation. At the
end of cycling (40 cycles), Cell 26RAT had lost 40% of its original electro-
lyte leaving, especially the Ag side, quite dry.

4.3.4 Self-Discharge of Ag/Hp Cells

The self-discharge characteristics of rolled configuration
Ag/H7 cells were determined by the recording of cell pressures during open
circuit stand over a period of 600 hours (V25 days) after fully charging
the cells at the C/2 rate. These cells failed very early during cycle
testing. Therefore complications due to silver migration are not present.
All cells were reimpregnated with 40%Z KOH and charged until the capacity
input exceeded the theoretical capacity by 15%. Cells that dried out
during charge were re-impregnated and charging was continued. The test
took place @ 23°C.

A careful evaluation of this data has shown that the rate is first
order in hydrogen pressure. The rate of hydrogen consumption can be
described by

(111}1" s
£ = -k (14
dt Ky
ngo= number of moles of H,, t = time, Py Pressure. From the general gas law,
by 2 3
Rt RT -

V = cell volume, R = gas constant, T = temperature.




